A growing body of evidence attributes properties of chemo-and/or radiation-resistance to cancer stem cells (CSCs). Moreover, non-targeted delayed effects such as genomic instability, transmitted through many generations, can be observed in the progeny of surviving irradiated cells. As a consequence, we propose that radiation-resistance properties associated to CSCs could confer a key role to this subpopulation in the transmission of genomic instability. To test this hypothesis, we searched the CSC markers associated to radiation-resistance in breast cancer cell lines and studied the role of the resistant cells in the transmission of genomic instability. First, we show that irradiation induces a 2 --4 weeks period of intense cell death leading to the emergence of chromosomal unstable cells during more than 35 population doublings. Then, among seven breast CSC markers, we identify CD24 À/low labelling as a marker of radiation-resistance. We demonstrate that CD24 þ progeny of irradiated cells exclusively descends from CD24 À/low cells. Finally, we show that delayed chromosomal instability is only expressed by CD24 þ cells, but is transmitted by stable surviving CD24 À/low cells. So, for the first time a CSC marker, CD24, is associated with the transmission of genomic instability. This work may assign a new deleterious role to breast CSCs in aggressive recurrence after radiotherapy, as the transmitted genomic instability potentially leads tumour cells to acquire more aggressive characteristics.
INTRODUCTION
Over the last two decades, experimental data indicate that the biological effects of ionizing radiation (IR) are not restricted to directly irradiated cells (targeted effects), but are also observed in non-irradiated cells and/or in the progeny of irradiated cells (nontargeted effects). These effects include bystander effects and genomic instability. Genomic instability is characterized by delayed effects such as delayed reproductive death, chromosomal instability and mutagenesis. 1 --3 IR can lead to the appearance of chromosomal aberrations arising de novo in the cell progeny several generations after irradiation. Delayed genomic instability has been observed in many types of mammalian cells, particularly in mammary epithelial cells. 4, 5 However, the mechanisms underlying the initiation / manifestation of radiation-induced chromosomal instability are far from understood. To explain the perpetuation of this phenomenon, the presence of a mechanism by which exposed cells transmit the memory of irradiation through their progeny has been postulated. 6 This attractive idea strongly suggests the existence of epigenetic mechanisms driving the radiation-induced instability, memorized and transmitted by non-directly irradiated surviving cells.
This hypothesis, never supported by any evidence, assigns a crucial role to the potentially radioresistant subpopulation surviving the initial radiation exposure, in terms of generation of the progeny of irradiated cells and in transmission of radiation memory. Such characteristics have been associated with a limited subpopulation of tumour cells called tumour-initiating cells or cancer stem cells (CSCs). 7 CSCs display stem-like characteristics and were initially defined as cells endowed with long-term selfrenewal and a differentiation capacity. In solid tumours, CSCs are thought to represent a small proportion of the tumour cells, able to form colonies in an in vitro clonogenic assay and to form tumours in an in vivo assay. 8 In breast cancer, CSCs were first described as a population bearing the ESA þ /CD44 þ /CD24 À phenotype, with a 50-fold higher ability to form tumours in immunodeficient mice and capable of differentiation into distinct cellular subtypes. 9 In breast cancer cell lines, CD44 þ /CD24 À cells were also described as a subpopulation bearing an invasive capacity and a genetic signature underlying an aggressive phenotype. 10, 11 Breast CSCs have been characterized by many markers in the literature, CD44
þ /CD24 À/low being the more widely used marker, but others have also been associated with CSC characteristics: presence of a side population (SP) (Hoechst 33342 exclusion), aldehyde dehydrogenase activity, and other prospective markers as CD133 þ , ESA þ , PROCR þ and CXCR4 þ . 12 As the subpopulations detected by these markers only partially overlap, controversy about the specificity of these markers remains. However, it has been proposed that several stem/progenitor cell-like populations can coexist in breast tumours and/or that cells characterized by an association between these different markers would present enhanced invasion properties. 12, 13 In vitro and in vivo, CSCs are capable of asymmetric division, that is, few daughter cells maintaining the CSC pool and the others differentiating into tumour cells. 12, 14 Recent experimental data support the concept that CSCs are more radioresistant and chemoresistant than their non-stem counterparts. 15 --17 In breast tumour cells, radioresistance of CSCs has been related to lower radical oxygen species levels and enhanced radical oxygen species defences, 18, 19 as well as low proteasome activity. 20 Taken together, these data strongly suggest that CSCs could have an important role in radiation-induced genomic instability. We have previously shown that g-irradiation of breast cancer cell lines led to delayed cell death in a context of great genomic instability. 21 Therefore, if CSCs are radioresistant, they could be potentially involved in the transmission of the memory of radiation-induced chromosomal instability. To test this hypothesis, we have studied delayed chromosomal instability and the expression of CSC markers in the progeny of irradiated cancer cells. We show that chromosomal instability can be observed for more than 35 doubling populations after radiation exposure and that progeny of irradiated cells arises exclusively from CD24 À/low cells. Delayed chromosomal instability is only observed in CD24 þ cells, but is transmitted by stable CD24
À/low cells. Overall these results define the CD24 À/low cells as potential mediators of the memory of radiation-induced chromosomal instability.
RESULTS

IR induces long-term genomic instability in breast cancer cell lines
To investigate the ability of high-dose irradiation to produce delayed genomic aberrations in breast cancer cell lines, T-47D cells were 10 Gy-irradiated and studied for 10 weeks. As described previously, 21 an early mitotic blockade was followed 5 days after radiation exposure by a mitotic catastrophe associated with apoptosis, resulting in the death of more than 95% of irradiated cells during the first 2 weeks after irradiation. Few cell clones appeared in the culture 3 to 4 weeks after irradiation (plating efficiency between 2 Â 10 À4 and 4 Â 10
À4
) 21 with a growth rate similar to non-irradiated cells. Analyses of surviving cells showed a large increase in chromosomal breaks and an increased proportion of polyploid cells (Figures 1a and b) 3 to 4 weeks after irradiation. Then, the number of chromosomal breaks decreased but remained significantly high 9 weeks after irradiation (Figure 1a) , whereas the proportion of polyploid cells remained high 7 weeks after irradiation (Figure 1b) .
The same results were observed when another breast cancer cell line, BT-20, was 10 Gy-irradiated. After a wave of cell death after 3 --4 weeks followed by an almost fully clonogenic survival inhibition (plating efficiency B10 À3 ), a large increase in chromosomal breaks and the polyploid cell population was observed, both remaining significantly higher than in non-irradiated cells more than 9 weeks after irradiation, corresponding to more than 35 population doublings (Figures 1c and d) .
Taken together, these results indicate that long-term persistent genomic instability is observed in breast cancer cell lines after a 10-Gy irradiation and that this instability can be transmitted through many cell generations.
IR selectively enriches the CD24
À/low subpopulation in breast cancer cell lines To characterize the cell subpopulation that survives after irradiation, expression of seven breast CSC markers was monitored by flow cytometry analysis on four breast cancer cell lines (Table 1) . Aldehyde dehydrogenase activity, SP cells and five cell surface markers:
showed heterogeneous expression in the cell lines (Table 2) . To identify if these markers could be associated with radioresistance, the cell lines were 10 Gy-irradiated and expression of the markers was studied 2 to 4 weeks after irradiation on the surviving cells. No significant variation of expression was observed between non-irradiated control cells and irradiated cells for aldehyde dehydrogenase activity, CD133, PROCR, ESA and CD44 (Supplementary Figure S1) . After irradiation, a strong increase in SP cells proportion was observed for T-47D and MDA-MB-157, but not for BT-20 and MDA-MB-231 cell lines (Figure 2a and Supplementary Figure S1 ). Therefore, SP did not seem to be a general marker of surviving breast cancer cells. Interestingly, irradiation induced a decrease in the CD24 þ /CD24 À/low ratio in T-47D, BT-20 and MDA-MB-157 cells, but not in MDA-MB-231 cells, which did not express CD24 before or after irradiation (Figure 2b and Supplementary Figure S1 ). This variation was observed 2 to 4 weeks after irradiation and was proportional to the CD24 À/low population before irradiation. Moreover, it was a transitory phenomenon as the CD24 þ cell population progressively increased in a cell line-dependent fashion and reached its initial level 5 to 9 weeks after irradiation.
Altogether, these results indicate that CD24 expression and the SP phenotype displayed different expression levels after a 10-Gy irradiation, as compared with control cells. Although this increase in SP after irradiation is not a general property of the studied cell lines, the CD24 þ cell population decrease after irradiation was seen in the three cell lines expressing the CD24 marker. Thus, we used this marker to characterize radiation-resistant cells and their role in the transmission of chromosomal instability through the progeny of irradiated cells.
Progeny of irradiated cells exclusively arises from CD24
À/low breast cancer cells To understand why CD24
À/low cells are transiently selected and/or induced by 10-Gy irradiation, we analysed the relationship between CD24 expression and intrinsic radiosensitivity. CD24 À/low and CD24
þ cells from BT-20 and T-47D cell lines were sorted and 100 000 cells of each subpopulation were then plated and immediately irradiated. Cells were counted every week for 6 weeks. For both cell lines, CD24
À as well as CD24 þ cells died after exposure over a period of 3 weeks (Figure 3a ). After this period, while irradiated CD24 þ cells mainly appeared as giant cells, did not grow and progressively disappeared, a few phenotypically normal clones with a proliferation rate similar to that of control cells emerged in CD24
À/low irradiated cells ( Figure 3b ). As decreased CD24 expression after irradiation is a transitory phenomenon, surviving CD24
À/low cells were sorted 3 weeks after irradiation, and 3 to 7 days after sorting CD24 labelling was performed. In the two cell lines, the sorted CD24 À/low subpopulation could give rise to CD24 þ cells (Figure 3c ), indicating that CD24 À/low cells are able to resume the initial CD24 À /CD24 þ ratio. Taken together, these results indicate that progeny of irradiated cells exclusively descends from CD24 À/low cells. Furthermore, the capacity of CD24 À/low cells to differentiate into CD24 þ cells leads to the reconstitution of the initial CD24 À /CD24 þ ratio in the progeny. Finally, the enrichment in CD24
À/low cells after irradiation might be due to selection of CD24 À/low cells rather than to a CD24 þ to CD24 À/low cell transition.
Genomic instability is transmitted by CD24 À/low cells but is observed in the CD24 þ progeny
As observed above, long-term chromosomal instability occurs in the progeny of irradiated breast cancer cells, and this progeny arises from CD24 À/low cells. To determine any correlation between CD24 expression and chromosomal instability in irradiated cells, CD24
À/low cells from T-47D and BT-20 were sorted 3 weeks after irradiation (W3-CD24 À/low ) and chromosomal rearrangements were compared with those in the whole-cell population (W3-total) (Figures 4a and b) . Irradiated T-47D cells displayed a lower level of chromosomal breaks in W3-CD24
À/low cells than in W3-total cells (28 vs 403 breaks/100 metaphases, P ¼ 0.001) and the W3-CD24 À/low instability was not statistically different from that in the non-irradiated control cells (28 vs 15 breaks/100 metaphases,
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À cells memorize radiation-induced genomic instability J Bensimon et al P ¼ 0.13). Similarly, for irradiated BT-20 cells the rate of chromosomal breaks was significantly lower in W3-CD24
À/low cells than in W3-total cells (96 vs 198 breaks/100 metaphases, P ¼ 0.002). However, in this case, chromosomal instability was significantly higher in W3-CD24 À/low cells than in non-irradiated control cells (96 vs 32 breaks/100 metaphases, P ¼ 0.003). Thus, 3 weeks after irradiation, chromosomal instability was essentially found in CD24 þ cells, the rate of chromosomal breaks in CD24
À/low cells being higher but close to the rate observed in non-irradiated cells.
To evaluate genomic instability in the progeny of irradiated CD24
À cells, we performed a second cell sorting from W3-CD24 À/low cells, 9 weeks after irradiation (W9-CD24 À/low and W9-CD24 þ ). For both cell lines, we observed that chromosomal instability was significantly lower in W9-CD24 À/low than in W9-CD24 þ cells (T47D: 26 vs 71 breaks/100 metaphases, P ¼ 0.02 and BT20: 44 vs 102 breaks/100 metaphases, P ¼ 0.001). Chromosomal instability was not significantly different between W9-CD24 Figure   S2) . Furthermore, the level of chromosomal breaks in CD24 As a second marker of genomic instability, we analysed the proportion of polyploid cells according to CD24 expression in the BT20 cell line (Figure 4e ). In non-irradiated cells, the polyploid cell population was significantly higher in CD24
À/low cells than in CD24 þ cells (Po0.05), and 2 to 3 weeks after irradiation the 
weeks after irradiation (T-47D) or 5 weeks after irradiation (BT-20). (c) Short-term fate of irradiated CD24 À/low cells. Three weeks after 10 Gy irradiation of T-47D and BT-20 cells, FACS-sorted CD24
À/low cells were plated and CD24 expression was analysed by flow cytometry 3 and 7 days after irradiation.
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À cells memorize radiation-induced genomic instability J Bensimon et al polyploid cell population increased strongly in CD24 þ cells, but only moderately in CD24 À/low cells. When CD24 À/low cells were sorted 3 weeks after irradiation, polyploidy increased quickly in CD24 þ progeny while it remained very low in CD24 À/low progeny. Polyploidy remained significantly higher in CD24 þ than in CD24
À/low cells during the 13 weeks after irradiation. For T-47D, even if the increase in polyploidy disappeared progressively and was no longer significant after 8 weeks, the polyploid cell population always remained higher in CD24 þ than in CD24
À/low cells (Supplementary Figure S3) . As MDA-MB-231 cells are exclusively CD24 À , we analysed the rate of chromosomal breaks in non-irradiated cells at time zero and again 6 weeks after irradiation (Supplementary Figure S4) . We did not observe statistical differences before and after irradiation, indicating an absence of delayed chromosomal instability in the absence of CD24 þ cells. Altogether, these results indicate that long-term chromosomal instability is mainly driven by CD24 þ cells. Cell sorting experiments show that the instability is observed in CD24 þ cells, but is transmitted through stable CD24 À/low cells previously irradiated.
As the progeny of irradiated cells exclusively arises from CD24
À/low cells, this subpopulation could be defined as the mediator of the memory of radiation-induced chromosomal instability.
DISCUSSION
The data presented in this paper provide evidence that IR can induce chromosomal instability observed many generations after irradiation of breast cancer cell lines. This delayed instability arises after a long period of mitotic blockade followed by mitotic catastrophe associated essentially with apoptosis. 21 Several reports have indicated that breast cancer cells are generally defined as relatively refractory to early cell death in response to IR and chemotherapeutic agents, and are characterized by prolonged G2 arrest followed by a huge loss of self-renewal capacity. 22 Nevertheless, prolonged growth arrest could allow the development of radioresistant populations capable of resuming proliferation and potentially associated with increased chromosomal instability. 23, 24 In our model, the very high level of chromosomal aberrations observed during the first 2 --4 weeks after irradiation corresponds to the wave of intense cell death. Three weeks after irradiation, the cell population is composed by parental irradiated cells and few clones starting to emerge. Therefore, the observed chromosomal instability is essentially the consequence of DNA breaks directly induced by IR in parental cells (Figures 1a and c) . However, after this period, the level of instability decreases but remains significantly higher than the basal level and is observed in surviving cells emerging from the few clones displaying a normal proliferation rate. So, delayed instability takes place in the progeny of radioresistant-irradiated cells.
In our experiments, in order to characterize the surviving radioresistant cells, we tested seven markers potentially associated with the breast cancer stem-like phenotype. Our results clearly show a weak or null expression of only the CD24 marker in the population surviving after the period of mitotic catastrophe À/low cells were plated, and chromosomal breaks were scored in the CD24 À/low and CD24 þ progeny (0 Gy progeny).
Chromosomal breaks in W9-CD24
À/low and W9-CD24 þ are also presented (W9). Numbers of breaks presented correspond to the sum of breaks obtained from two to three independent experiments. (*Analysis vs 0 Gy, Po0.05 and Analysis vs corresponding CD24 À , Po0.05.) (e) Percentage of polyploid BT-20 cells in relationship with CD24 expression after 10 Gy irradiation. Concomitant analysis of DNA content and CD24 expression was performed in non-irradiated cells and 2 and 3 weeks after irradiation. Three weeks after irradiation, CD24
À/low cells were sorted and plated, and the analysis was performed for 10 weeks. Results correspond to the mean ± s.d. of two independent experiments. (*Analysis vs CD24 þ 0 Gy, Po0.05). Figure S1) , indicating that the other markers fail to characterize the radioresistant population. As the different markers described in the literature are not sufficient to identify a single population, the existence of different lineages of breast CSCs potentially leading to different types of breast cancer and also coexisting within the same tumour can be suggested. 12 Interestingly, except for CD133 (negative labelling for all cell lines), every marker displayed staining that was heterogeneous between cell lines but also within each cell line (Table 2) .
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Breast CSC characteristics generally associate CD24 and CD44 as CD44 þ /CD24 À/low cells have higher tumourigenic potential in immunodeficient mice and express epithelial-mesenchymal transition markers. 9, 25, 26 In our model, the CD24 À/low percentage is associated with histological subtype and parallels the classification T-47D oBT-20 oMDA-MB-157 oMDA-MB-231 as a function of tumourigenicity in athymic mice (Table 1 and Figure 2b) . Furthermore, it is broadly admitted that the CD44 þ /CD24
À/low phenotype fits with CSC radioresistance, 18, 19 however, we failed to observe any increase in CD44 þ expression in association with the CD24 À/low enrichment after irradiation. In our model, the radioresistant subpopulation was restricted to CD24
À/low cells, the expression of CD44 probably being associated with other properties of breast CSCs.
CSC radioresistance has been observed in different cell types. 27 Even though the specific mechanisms are not yet fully elucidated, the notch signalling pathway, which is known to be involved breast CSC maintenance, is activated after irradiation of breast CD24 À/low cells 19 and could be associated with the increased number of CSCs. In parallel, enhanced DNA repair, low constitutive and radiation-inducible radical oxygen species levels have been described in CSCs as well. 17, 28 Regarding our data, these mechanisms could be implicated in the lowest level of chromosomal breaks observed in CD24
À/low cells. Radiation-induced cell death is related to unrepairable DNA lesions, as double-strand breaks. So, greater accumulation of lethal lesions in CD24 þ compared with CD24
À/low cells could contribute to the selection of CD24 À/low cells. Surprisingly, clinical studies seem to be contradictory regarding involvement of the CD24 phenotype in carcinogenesis. CD44 þ / CD24 À/low cells have been associated with distant metastases or unfavourable prognosis or both, 29, 30 but, in contrast, higher CD24 expression was also shown to be an indicator of malignant transformation and tumoural progression. 31 --33 Several explanations have been proposed to solve this apparent paradox 11 and our results may in part highlight and account for these contradictory results. Indeed, we observe that CD24 À/low cells memorize and transmit radiation-induced chromosomal instability, which is expressed only when cells bear the CD24 marker. So, although the CD24 À/low phenotype is necessary to ensure an infinite potential life span, on the other hand CD24 expression in a context of strong genomic instability could allow the acquisition of properties that have the potential to contribute to tumour growth and metastasis.
From a mechanistic point of view, direct alterations of DNA sequences cannot account for the initiation and perpetuation of radiation-induced genomic instability and recently Aypar et al. 34 suggested the involvement of epigenetic mechanisms. It is notable that irradiated cells acquire epigenetic changes characterized by alterations of global DNA methylation and epigenetic aberrations that may arise in irradiated cells without initiating chromosomal instability. 34, 35 This last observation is in good agreement with our results showing that CD24
À/low cells may potentially transmit the memory of radiation-induced instability to their progeny without expressing this instability. We postulate that, in our model, all cells in the progeny of irradiated cells may contain the epigenetic information driving the memorization of instability, the expression of this instability being effective only in cells bearing the cell surface marker CD24. In line with this hypothesis, epigenetic changes of DNA repair genes have been shown to have a crucial role in tumour progression 36 and specific DNA methylation patterns of CSCs have been suggested and demonstrated. 37, 38 So, analysis of the DNA methylation profile in CD24 À/low and CD24 þ cells before and after irradiation could help to characterize the mechanisms underlying long-term transmission and expression of radiation-induced chromosomal instability.
In conclusion, our results clearly show the involvement of CD24
À/low cells in the transmission of chromosomal instability induced by IR in breast cancer cell lines. These results can be resumed in a model presented in Figure 5 . To our knowledge, this is the first model attributing a role to breast CSCs in mediating the memory of radiation-induced chromosomal instability. Moreover, these data are valuable for the further characterization of epigenetic alterations induced by IR in breast CSCs. Our findings are consistent with the putative resistant phenotype traditionally associated with stem-like CD44 þ /CD24 À/low cells. Moreover, our results highlight the deleterious role of CSCs in aggressive tumour recurrence after radiotherapy, as we can assign an additional role to the classic properties of these cells (self-renewal, tumourigenicity) in the transmission of genomic instability, potentially leading tumour cells to acquire more aggressive characteristics. Table 1 . All cell lines were grown in adherent conditions, maintained in Dulbecco's modified Eagle medium 4.5 g/l glucose, 0.11 g/l sodium pyruvate, glutamate (GlutaMAX 1) and pyridoxine, supplemented with 5% (T-47D, MDA-MB-231) or 10% (BT-20, MDA-MB-157) foetal calf serum, penicillin, streptomycin and amphotericin B (antibiotic --antimycotic mix) (all from Life Technologies, Cergy-Pontoise, France). All cell cultures were done in 5% CO 2 and 95% humidity. Cell proliferation and survival analyses were performed in two or more independent experiments, by scoring at least 300 cells each time. Discrimination between viable and dead cells was performed by trypan blue exclusion.
MATERIAL AND METHODS
Chemical, reagents and antibodies
All biochemicals were from Sigma (Saint Quentin Fallavier, France) unless otherwise specified. Antibodies to CD24 (clone ML5), CD44 (clone C26) and CD201 (PROCR) (clone RCR-252) and isotypic controls were from BD Biosciences (San Jose, CA, USA). Antibodies and isotypic controls to CD133 (clone EMK08) and EpCAM (ESA) (clone 1B7) were from eBioscience (San Diego, CA, USA). Aldehyde dehydrogenase staining was performed using the ALDEFLUOR kit from StemCell Technologies (Grenoble, France). SP analysis was performed using Hoechst33342 (Sigma) and inhibitor KO143 from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Irradiation
Cells were plated at least 24 h before irradiation. On day 0, cells were girradiated using a 137 Cs irradiation unit at a dose rate of B2 Gy/min, and CD24 À cells memorize radiation-induced genomic instability J Bensimon et al then incubated with fresh medium. In every experiment, studied cells were 10 Gy-irradiated and control cells were submitted to sham irradiation.
Cell staining
For CSC marker analysis, cells were labelled with the following antibodies: CD24-PE, CD44-FITC, CD201-PE (PROCR) from BD Bioscience (San Jose, CA, USA) and CD133-PE and EpCAM-Alexa Fluor 647 (ESA) from eBioscience, and counterstained with propidium iodide. Isotypic controls were used to calibrate each experiment. The CD24 À subpopulation was defined using the isotypic control, and the CD24 low subpopulation was defined as the lowest 10% (T-47D) or 20% (BT-20) of CD24 À -positive cells in nonirradiated control cells. For polyploid cell analysis, CD24 À stained cells were permeabilized with Cytofix-Cytoperm kit from BD Bioscience, according to the manufacturer's recommendation, and DNA was counterstained with DAPI. For SP analysis, cells were stained as described by Rossi et al. 39 Briefly, cells were stained with Hoechst33342 5 mg/ml for 90 min at 37 1C. As CSCs are potentially capable of drugs efflux, SP was defined as the cell population-containing no or low levels of Hoechst33342, and gated compared with KO143 inhibited sample.
Flow cytometry
Cells were analysed on a SORP LSR-II analyzer and sorted on a BD Influx sorter (BD Biosciences), both in the same configuration (488 nm, 561 nm, 405 nm, 355 nm and 635 nm). For cell sorting, CD24
À/low and CD24 þ subpopulations were defined as the lowest and highest 15% of PE fluorescence intensity. Three weeks after irradiation, CD24 À/low cells and the total population (W3-CD24 À/low and W3-total, respectively) were sorted, as well as subpopulations resulting from W3-CD24
Àlow (second sorting) 9 weeks after irradiation (W9-CD24 À/low and W9-CD24 þ , respectively) Data were analysed with FlowJo v7.6.1 (Tree Star, Ashland OR, USA) or BD FACSDiva v6.1.2 software (BD Bioscience).
Cytogenetic analysis
Metaphase preparations were performed after colcemide (0.06 mg/ml. for 1.5 h) and hypotonic (0.075 M KCl for 25 min) treatment, followed by gradual fixations in methanol --acetic acid (3/1). Metaphase spreads were hybridized with a telomeric cyanine 3-conjugated PNA probe (DAKO, Trappes, France) followed by hybridization with a FITC-Pan centromeric DNA probe (CAMBIO, Cambridge, UK). The chromosome preparations were counterstained with DAPI and observed under a fluorescence microscope (NIKON FXA, Kingston, UK). Image acquisition was controlled through QUIPS CGH Analysis software (VYSIS, Rungis, France). For the breaks count, the following chromosome aberrations were scored: dicentrics (dic), centric and acentric rings (r) and chromosome breaks (csb). Dic and r were assumed to result from two breaks and csb from one break.
Statistical analysis
All statistical tests were performed using Statview software (SAS Institute Inc, Cary, NC, USA). The unpaired two-tailed Student's t-test was used and a P-value of p0.05 was considered to indicate statistically significant differences.
